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INTRODUCTION 

Shale o i l  reserves a r e  more than t h r e e  and one-ha l f  t imes the  amount o f  w o r l d  
But because o f  overburden, most o f  t h e  reserves cannot be petroleum reserves (L). 

mined conven t iona l l y ;  an i n - s i t u  process must be used f o r  o i l  recovery.  The i n -  
s i t u  process has advantages over  aboveground, convent ional  processes because t r a n s -  
p o r t i n g  o r  c rush ing  the shale i s  unnecessary be fo re  r e t o r t i n g ;  and spent sha le  d i s -  
posal i s  no problem a f t e r  r e t o r t i n g .  But a disadvantage i s  t h e  d i f f i c u l t y  o f  moni- 
t o r i n g  the r e l a t i v e l y  deep underground convers ion changes. One developing method 
f o r  f o l l o w i n g  these changes i s  o p t i c a l  a c t i v i t y  measurements on the sha le  o i l  
d u r i n g  i t s  p roduc t i on  because we know t h e  o p t i c a l  a c t i v i t y  o f  sha le  o i l  decreases 
w i t h  i nc reas ing  hea t ing  r a t e  (2). 
conta ins o p t i c a l l y  a c t i v e  b i o l o g i c a l  markers de r i ved  from l i f e  forms e x i s t i n g  
d u r i n g  t h e  fo rma t ion  o f  t h e  shale depos i t  (2). Known b i o l o g i c a l  markers--steranes, 
d i terpanes,  gammacerane, and perhydro-6-carotene--are reduc t i on  products  from d i a -  
genesis o f  former l i v i n g  systems. Despi te  the  r i g o r s  o f  heat ing,  i n  most r e t o r t i n g  
systems these o p t i c a l l y  a c t i v e  molecules su rv i ve  i n  s u f f i c i e n t  q u a n t i t i e s  t o  a l l o w  
t h e i r  d e t e c t i o n  w i t h  a s e n s i t i v e  spect ropolar imeter .  These measurements show pro-  
mise i n  s tudy ing  l a rge -sca le  f i e l d  r e t o r t i n g  systems. 

This  s tudy a t  t h e  Laramie Energy Research Center (LERC) shows examples o f  op- 
t i c a l .  a c t i v i t y  measurements i n  a c o n t r o l l e d - s t a t e  r e t o r t  system, i n  t h e  S i t e  9 i n -  
s i t u  f i e l d  experiment, l oca ted  a t  Rock Springs, Wyo., and i n  d i f f e r i n g  r e t o r t i n g  
systems us ing  Green River ,  Antr im, and Moroccan o i l  shales. 

Shale o i l  i s  o p t i c a l l y  a c t i v e  because o i l  sha le  

EXPERIMENTAL 

Op t i ca l  a c t i v i t y  measurements were made on t h e  s a t u r a t e  f r a c t i o n  f rom the  
shale o i l  and bitumen, as descr ibed i n  d e t a i l  e a r l i e r  (2). 
o i l  i n  a 50-ml beaker was d i sso l ved  i n  20 m l  o f  cyclohexane (Burd ick and Jackson 
Laborator ies,  Inc. ) .  The s o l u t i o n  was cooled t o  O°C i n  a c i r c u l a t i n g  co,ld bath,  
and IO m l  o f  15 percent  phosphorous pentox ide in  s u l f u r i c  a c i d  was s l o w l y  added 
w i t h  s t i r r i n g .  S t i r r i n g  was cont inued f o r  1 hour, then the  m i x t u r e  was t rans-  
f e r r e d  and c e n t r i f u g e d  f o r  1/2 hour a t  3000 RPM. The cyclohexane l a y e r  was drawn 
o f f ,  and t h e  bottom l a y e r  was tw ice  more mixed w i t h  IO m l  o f  cyclohexane and cen- 
t r i f u g e d .  Then the  combined s o l u t i o n  was deco lo r i zed  by pass ing i t  ove r  IO gm o f  
"powdered" s i l i c a  ge l  (Baker, 60-200 mesh), e l u t i n g  w i t h  cyclohexane, and c o l -  
l e c t i n g  the f i r s t  IO m l  o f  s o l u t i o n .  
t o  20 m l .  The o p t i c a l  a c t i v i t y  was determined on t h i s  s o l u t i o n  i n  t h e  OR0 mode 
w i t h  a Jasco J-20 spect ropolar imeter .  Op t i ca l  a c t i v i t y  data were determined i n  
the  300- t o  600-nm wavelength range and the  s o l u t i o n  was evaporated t o  dryness t o  
determine the  t o t a l  sa tu ra tes .  The o p t i c a l  a c t i v i t y  da ta  were c a l c u l a t e d  based 
upon the amount o f  t o t a l  sa tu ra tes .  

ment (4 )  werk analyzed. 

B r i e f l y ,  1/2 g of d r i e d  

The s o l u t i o n  was evaporated under n i t r o g e n  

Shale o i l s  and bitumens f r o m  an i n t e r r u p t e d ,  c o n t r o l l e d - s t a t e  r e t o r t  e x p e r i -  
Green R ive r  fo rma t ion  o i l  shale, 1/8-t0 1/2- in .  p a r t i c l e  - 
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s ize,  was packed i n t o  a v e r t i c a l  3-in. s t a i n l e s s  s t e e l  p i p e  and was e x t e r n a l l y  e l e c -  
t r i c a l l y  heated in  6 - in .  increments a t  a 2'F-per-minute hea t ing  r a t e  w i t h  a zone 
t r a v e l  r a t e  o f  3 in .  pe r  hour. Produced o i l  f lowed downward w i t h  ass i s tance  from 
a n i t r o g e n  sweep gas. A f t e r  approx imate ly  h a l f  o f  t h e  shale column had reached a 
temperature o f  1000°F (about 36 hours) ,  t h e  experiment was stopped; t h e  p i p e  was 
cooled w i t h  water and c u t  i n t o  24 6 - in .  segments. The shale samples from t h e  24 
segments consis ted o f  14 spent-shale samples and IO samples o f  o i l - w e t  shale,  w i t h  
v a r y i n g  temperature exposures from 730°F t o  ambient. The o i l - w e t  shale samples 
were r insed w i t h  cyclohexane t o  recover the  su r face  o i l  samples. The r i n s e d  sam- 
p l e s  were d r i e d  a t  room temperature, crushed t o  200 mesh, and Soxhlet  e x t r a c t e d  
f o r  48 hours w i t h  cyclohexane t o  o b t a i n  t h e  bitumen samples. The su r face  o i l  and 
bitumen samples were prepared and analyzed f o r  o p t i c a l  a c t i v i t y  as descr ibed.  

Opt ica l  a c t i v i t y  analyses were made on severa l  r e t o r t i n g  systems us ing  t h e  
descr ibed method. Nine composite samples o f  shale o i l  were analyzed, rep resen t ing  
6 months o f  o p e r a t i o n  a t  t he  LERC S i t e  9 i n - s i t u  f i e l d  experiment (5) .  Shale o i l s  
were analyzed from t h e  bench-scale c o n t r o l  l e d - s t a t e  r e t o r t  system; From f i v e  
aboveground, semi-works r e t o r t  systems; and from two large-b lock systems. 

RESULTS AND DISCUSSION 
Only da ta  f r o m  t h e  450-nm wavelength a r e  presented i n  F igures 1 and 2 f o r  ease 

o f  i n t e r p r e t a t i o n .  Shale o i l  o p t i c a l  a c t i v i t y  changes as t h e  r e t o r t  hea t ing  r a t e  
changes (2). 
t ime, o p t i c a l  a c t i v i t y  changes should be r e l a t e d  t o  each o f  these components. Data 
from ana lys i s  of o i l s  and bitumens from the  i n t e r r u p t e d  c o n t r o l l e d - s t a t e  r e t o r t  
a r e  shown i n  F igu re  1 .  O i l s  r i n s e d  from the  su r face  o f  the coo le r  sha le  have, ex- 
cep t  f o r  samples 15 and 24, a s p e c i f i c  r o t a t i o n  o f  about 4 u n i t s .  Sample 15, 
hav ing  been exposed t o  t h e  h o t t e s t  temperature (73OoF), shows o n l y  a t r a c e  o f  ac- 
t i v i t y ;  and t h e  l a s t  sample, 24, has about n i n e  degrees o f  r o t a t i o n ,  p o s s i b l y  be- 
cause the coo le r  end o f  t h e  r e t o r t  causes d i l u t i o n  by accumulations o f  sa tu ra tes .  
The wavel ike d i s t r i b u t i o n  o f  t h e  da ta  i s  probably  r e a l  i n  t h a t  i t  i s  w e l l  w i t h i n  
the  t e s t i n g  l i m i t s .  The rece ive r  o i l ,  f rom about one -ha l f  o f  t h e  t o t a l  charged 
shale, shows an o p t i c a l  r o t a t i o n  o f  about f o u r  degrees, approx imat ing t h e  va lues 
from the sur face o i l s .  

And s i n c e  h e a t i n g  r a t e  cons is t s  o f  two components, temperature and 

The o p t i c a l  a c t i v i t y  o f  t he  bitumens e x t r a c t e d  from the  p a r t l y  r e t o r t e d  sha le  
(samples I 5  t o  19) and f rom the  un re to r ted  sha le  (samples 20 t o  24) i s  a l s o  shown 
i n  F igu re  1. A smooth cu rve  evolves,  proceeding f rom sample 20 t o  15, i n d i c a t i n g  
t h a t  the e f f e c t  o f  heat  on t h e  sha le  produces a un i fo rm loss o f  o p t i c a l  a c t i v i t y  
in  t h e  bitumen. A n  i n d u c t i o n  p e r i o d  be fo re  the  r e t o r t i n g  o f  the shale (est imated 
t o  occur a t  about 400'F) occurs i n  the  low-temperature loss o f  a c t i v i t y  i n  samples 
I 9  t o  17. Sample 19 has a r o t a t i o n  o f  approx imate ly  12 degrees; number 17 app rox i -  
ma te l y  IO degrees. 
t he  temperature from 110 t o  190°F over  a &hour per iod.  Samples 15 and 16 r e f l e c t  
a r a p i d  loss o f  a c t i v i t y  as t h e  sha le  becomes heated t o  r e t o r t i n g  temperature w i t h  
subsequent emergence o f  o i l .  The r a p i d  increase i n  o p t i c a l  a c t i v i t y  f rom sample 
20 t o  23 cannot be s a t i s f a c t o r i l y  exp la ined  a t  t h i s  t ime b u t  approaches the  o p t i -  

T h i s  2-degree d i f f e r e n c e  apparen t l y  r e s u l t s  from inc reas ing  

.ca l  a c t i v i t y  o f  Green R ive r  n a t u r a l  b i t umen- - t yp i ca l l y  30 u n i t s .  

O i l s  from the  S i t e  9 i n - s i t u  f i e l d  experiment were analyzed f o r  o p t i c a l  ac- 
t i v i t y .  
o f  t h e  6-month exper iment  were more o p t i c a l l y  a c t i v e  than those i n  the  second h a l f .  
The lower o p t i c a l  a c t l v i t y  i n  the second h a l f  o f  t he  experiment p robab ly  r e s u l t s  
from a d i f f e r e n t  thermal h i s t o r y .  
i n j e c t i o n  system when on the 60 th  day t h e  i n j e c t i o n  w e l l  was changed from w e l l  No. 
1 ( l oca ted  a t  the cen te r  o f  t h e  s i t e )  t o  w e l l  No. IO ( l o c a t e d  nearer t h e  edge o f  
the s i t e ) ,  thereby moving the  a i r  i n j e c t i o n  c l o s e r  t o  t h e  moving combustion f r o n t ,  
p o s s i b l y  f u r t h e r  decomposing p r e v i o u s l y  accumulated o i l .  

The r e s u l t s  in  F igu re  2 show t h a t  t he  o i l s  produced du r ing  the  f i r s t  p a r t  

The r e s u l t s  may r e f l e c t  change i n  t h e  a i r -  

The general decrease i n  

I 

I 
I 
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o p t i c a l  a c t i v i t y  f o r  a l l  t h e  composite o i l s  i nd i ca tes  t h a t  a f t e r  6 months o f  p ro -  
d u c t i o n  a "steady s ta te "  o i l  was no t  produced. The general i n d i c a t i o n  of o i l  de- 
composit ion i s  n o t  ev iden t  i n  IO o t h e r  phys i ca l  o r  chemical t e s t s ,  as shown i n  
Table I .  T r a d i t i o n a l  i n d i c a t i o n s  o f  o i l  thermal decomposit ion such as i nc reas ing  
o l e f i n ,  aromatic, and naphtha contents  o r  decreas ing v i s c o s i t y  and pour  po in t ,  a r e  
no t  unequivocal ly  present. I n  some instances, as i n  o l e f i n  content ,  t h e  l a s t  f o u r  
samples a r e  i n  o p p o s i t i o n  to t h e  o p t i c a l  a c t i v i t y  da ta  by hav ing g e n e r a l l y  lower 
amounts o f  o l e f i n s - l e s s  o i l  decomposit ion. The o p t i c a l  a c t i v i t y  da ta  i n d i c a t e  
t h a t  t he  l a s t  f o u r  samples a r e  decomposed t h e  most. 

TABLE 1 .  - Proper t i es  o f  S i t e  9 composite o i l s  

Sample number 

Proper ty  1 2 3 4 5 6 7 8 9  
Naphtha, percent" 9 

Ole f ins ,  
percent  i n  naphtha 36 

Ole f ins ,  
percent  i n  l i g h t  d i s t i l l a t e  22 

percent  i n  naphtha 43 

P a r a f f i n s ,  
percent  i n  l i g h t  d i s t i l l a t e  22 

percent  i n  naphtha 21 

percent  i n  l i g h t  d i s t i l l a t e  35 

Residuum, percent" 6 

V iscos i t y ,  
SUS IOO'F 53 

Pour po in t ,  OF 35 

P a r a f f i n s  , 

Aromatics , 

Aromatics, 

6 

32 

37 

17 

46 

22 

17 

6 

58 

40 

6 

25 

38 

51 

49 

24 

13 

6 

57 

40 

8 

19 

35 

57 

52 

24 

13 

7 

53 

45 

IO 

19 

15 

54 

52 

27 

33 

4 

46 

40 

1 1  

14 

13 

59 

57 

27 

30 

5 

47 

45 

12 1 4  

27 9 

12 33 

45 63 

56 38 

28 28 

32 29 

8 7  

56 45 

40 35 
25 
450 3.2 2.1 1 .9  1.8 1.6 0.8 0.6 0.3 0.2 Opt i ca l  a c t i v i t y  [a] 

*Determined by s imulated d i s t i l l a t i o n  

O i l s  from d i f f e r e n t  r e t o r t i n g  systems were analyzed f o r  o p t i c a l  a c t i v i t y  t o  
determine the  p o s s i b i l i t y  o f  observ ing b a s i c  d i f f e r e n c e s  among r e t o r t i n g  systems. 
The r e s u l t s  i n  F igu re  3 show t h a t  d i f f e r e n c e s  a r e  observable. Data from the e n t i r e  
300- t o  600-nm range a r e  presented i n  F igures 3 and 4 f o r  more comprehensive data 
evaluat ion.  Genera l ly ,  t h e  o p t i c a l  a c t i v i t y  data may be ca tegor i zed  i n t o  t h r e e  
groups. 
system where smal l  sha le  p a r t i c l e s ,  g r a v i t y  f low,  and n i t r o g e n  gas sweeping a l lowed 
t h e  produced o i l  t o  escape f r o m  t h e  shale e a s i l y  thereby m in im iz ing  secondary o i l  
decomposition. 

F i r s t ,  t h e  l e a s t  decomposed o i l s  a r e  de r i ved  from the c o n t r o l l e d - s t a t e  

The second group of  o i l s  was produced from la rge ,  aboveground, 
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semi-works r e t o r t s  w i t h  r e l a t i v e l y  medium sha le  p a r t i c l e s  ( I  t o  6 in . )  and moder- 
a t e  c a p a b i l i t y  f o r  t h e  o i l  t o  escape the  shale. The t h i r d  group o f  o i l s  was pro-  
duced from LERC's aboveground, s imulated i n - s i t u  150-ton r e t o r t  and t h e  S i t e  9 i n -  
s i t u  system t h a t  may be cha rac te r i zed  as l a rge -b lock  systems; the re fo re ,  slow es- 
cape o f  o i l  from t h e  s h a l e  would be probable. Slow escape o f  o i l  would presumably 
cause considerable decomposit ion. 

Op t i ca l  a c t i v i t y  comparisons were made among o i l s  produced i n  the  LERC IO-ton 
r e t o r t  us ing Green River ,  Antr im,  and Moroccan shales. F igu re  4 shows the  Green 
R i v e r  shale o i l  to be the  most o p t i c a l l y  a c t i v e  by at l e a s t  a f a c t o r  o f  2 a t  a l l  
wavelengths. The An t r im  and Morrocan sha le  o i l s  have e s s e n t i a l l y  i d e n t i c a l  ac- 
t i v i t y  probably  r e f l e c t i n g  the  amounts o f  o p t i c a l l y  a c t i v e  components i n  t h e  o r i g i n a l  
shales. These shales have, i n t e r e s t i n g l y ,  a marine o r i g i n ,  w h i l e  the  Green R ive r  
s h a l e  has a nonmarine o r i g i n .  

SUMMARY 

Op t i ca l  a c t i v i t y  measurements o f  shale o i l s  a l l o w  i n s i g h t s  i n t o  r e t o r t i n g  con- 
d i t i o n s  t h a t  a r e  n o t  observable by t r a d i t i o n a l  a n a l y t i c a l  methods. Wi th a bench- 
s c a l e  r e t o r t ,  a low-temperature i nduc t i on  p e r i o d  in  the  sha le  be fo re  r e t o r t i n g  can 
be observed. The r e t o r t i n g  phase i t s e l f  may be observed by f o l l o w i n g  changes i n  
bitumen and i n  su r face  o i l  o p t i c a l  a c t i v i t y .  Op t i ca l  a c t i v i t y  data f r o m  S i t e  9 
composite o i l s ,  rep resen t ing  6 months o f  product ion,  r e f l e c t  two d i s t i n c t  r e t o r t i n g  
phases o f  t he  experiment. The second, lower o p t i c a l l y  a c t i v e  phase, may have re -  
s u l t e d  from secondary deg rada t ion  o f  p r e v i o u s l y  accumulated o i l .  Despi te  6 produc- 
t i o n  months, a "steady s t a t e "  o i l  was n o t  produced. Op t i ca l  a c t i v i t y  da ta  f rom IO 
d i f f e r e n t  r e t o r t i n g  system o i l s  show decreasing o p t i c a l  a c t i v i t y  w i t h  i nc reas ing  
sha le  s i z e .  
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